Myocyte enhancer factor 2 (MEF2) transcriptional regulatory proteins are key regulators of musclespecific gene expression and also play a general role in the cellular response to growth factors, cytokines and environmental stressors. To identify signaling pathway components that might mediate these events, the potential role of MAP kinase and PKC signaling in the modulation of MEF2A phosphorylation and transcriptional activity were therefore studied. In transient transfection reporter assays, activated p38 MAP kinase potently increased MEF2A trans-activating potential, PKCδ δ δ δ and ε ε ε ε isotypes enhanced MEF2A transactivation to a lesser extent, while the ERK1/2 and JNK/SAPK pathways were without effect. A GAL4-based assay system showed that p38 MAP kinase and PKCδ δ δ δ target the MEF2A transactivation domain. We also observed an increase in p38 MAP kinase activity in congruence with the increase in MEF2A expression in differentiating primary muscle cells. COS cells overexpressing MEF2A alone or with one of the kinases were metabolically labeled with [ 32 P]orthophosphate and MEF2A was immunoprecipitated using specific anti-MEF2A antibodies. MEF2A from cells co-transfected with activated p38 MAP kinase showed a decreased electrophoretic mobility due to phosphorylation. Subsequent phosphopeptide mapping and phosphoamino acid analysis indicated the appearance of several phoshopeptides due to p38 MAP kinase activation of MEF2A which were due to phosphorylation on serine and threonine residues. These studies position MEF2A as a nuclear target for the p38 MAP kinase signaling pathway.
INTRODUCTION
Post-translational modification of transcription factors by targeted phosphorylation is proving to be a regulatory paradigm in the control of gene expression (1) . Myocyte enhancer factor 2 (MEF2) transcriptional regulatory proteins play a requisite role in the activation of muscle-specific gene expression and in the processes of cardiac and skeletal muscle differentiation (2) (3) (4) (5) (6) (7) (8) . However, despite considerable understanding of the transcriptional role of MEF2 proteins in the activation of muscle genes, the regulation of these factors by cellular signaling pathways is only just beginning to be understood. Recent studies have suggested that expression of the MEF2 proteins and MEF2 DNA binding activity are not always correlated with the activation of MEF2 site-dependent target genes, an observation supporting the idea that post-translational modification of these proteins by signaling pathways is an important regulatory step controlling their capacity to activate transcription (9) .
The MEF2 proteins have, to date, been implicated as nuclear targets for signaling cascades in response to serum stimulation and some cellular stressors (10) (11) (12) . Amino acid sequence analysis of the MEF2 proteins indicates that they contain numerous putative phosphorylation sites for the PKC and MAP kinase classes of signaling molecules. Indeed, Han et al. found that in monocytic cells the response to the microbial pathogen lipopolysaccharide led to enhanced transactivation capacity of MEF2C through p38 MAP kinase catalyzed phosphorylation (11) . MEF2 factors have also been implicated in receiving signals from heterotrimeric G protein-linked signaling pathways (12) and the ERK5/BMK1 pathway (13, 14) .
The PKC family of serine-threonine kinases participate in vital cellular processes such as growth and differentiation, acting as components of several signal transduction cascades initiated by ligand stimulation of transmembrane receptor tyrosine kinases by growth factors (15, 16) . This large gene family gives rise to multiple isozymes that are classified as conventional cPKCs (α, β and γ), novel nPKCs (ε, δ, η and θ) and atypical aPKCs (ζ, µ and λ). Tissue distribution of PKCs seems to indicate that while some isozymes are ubiquitiously expressed and may play a 'housekeeping' role, others display a more restricted pattern of tissue-specific expression and may play a role in myotube formation (15, 17) .
MAP kinase family members are proline-directed serinethreonine kinases that play a pivotal role in the response of cells to extracellular stimuli (reviewed in 18) . In response to these signals, the MAP kinases are phosphorylated by a dual specificity MAP kinase kinase on both threonine and tyrosine in a Thr-Xaa-Tyr motif that is situated in a loop close to the active site. This phosphorylation activates the enzymatic activity of the MAP kinases and, in turn, they phosphorylate and modify the activity of various target proteins such as transcription factors, other kinases and cytosolic enzymes. There are three distinct classes of MAP kinases, the ERKs (for extracellular-regulated kinases), the JNK/SAPKs (for c-jun N-terminal kinases/stressactivated protein kinases) and the p38 MAP kinases (also known as CSBP, RK and HOG 1) (reviewed in 18) .
As key regulators of muscle-specific gene expression the MEF2 proteins stand at an important nodal point in the differentiation of cardiac and skeletal muscle cells, making them potentially strategic targets for regulation by cellular signaling pathways involved in growth and differentiation. Our previous studies have shown that the predominant MEF2 gene expressed at the induction of myogenesis is MEF2A (9). Concomitantly, the majority of protein binding to the MEF2 site in cultured muscle cells is a MEF2A homodimer (9) . Also, a dominant-negative form of MEF2A was found to block myogenesis when overexpressed in cultured muscle cells (2) . It has also recently been reported that MAP kinase signaling exerts an important effect on the differentiation of cultured muscle cells (19, 20) . Therefore, in order to begin to identify candidate signaling molecules that transduce signals from cell surface receptors to the nuclear MEF2 proteins in muscle cells, we have studied the ability of MAP kinase and PKC isoforms to phosphorylate and modulate the transcriptional activity of MEF2A.
In this study we show that MEF2A is a phosphoprotein and that p38 MAP kinase and, to a lesser extent, the novel PKC isotypes δ and ε positively augment MEF2A transcriptional activity and phosphorylation. These data point toward a role for p38 MAP kinase and novel PKCs in cooperating with MEF2A to activate MEF2 site-dependent target genes.
MATERIALS AND METHODS

Cell culture, transfections and reporter assays
COS and HeLa cells were cultured to~60% confluence in DMEM containing 10% fetal bovine serum (FBS). Calcium phosphate-DNA co-precipitation was used to transiently transfect cells with various DNA expression vectors and reporter genes (21) . For reporter assays the appropriate combination of reporter and expression plasmids was transfected and cells were glycerol shocked after 16 h and harvested after 2 days. Each plate of cells was transfected with 10 µg of the CAT reporter construct and 3 µg of pSV β-galactosidase, which served as an internal control for transfection efficiency. For the overexpression studies 5 µg of each expression vector was transfected [pMT2-MEF2A, pTB-PKCα, β, δ, ε and θ, pMT3-p38 MAP kinase, pcDNA-MKK6b(E), pCMV5 Erk2.1 His6, pMM9 MEK (∆N3/ED), pcDNA3-HA-SEK and pMT2 HA-p46SAPKβ] or the corresponding empty expression vectors alone as a control (see figure legends for details on individual experiments). Total DNA transfected was standardized at 30 µg for 100 mm dishes (or half of the above amounts for 60 mm dishes when used). Cell extracts were prepared and CAT activity was determined as previously reported (21) . The reporter genes used comprised two copies of the muscle creatine kinase (MCK) MEF2 sites, inserted in a concatemerized orientation at the -102 position of the embryonic myosin heavy chain promoter in plasmid pE102CAT. Where indicated, stock 12-O-tetradecanoylphorbol-13-acetate (TPA) (Sigma) was dissolved in absolute ethanol and used at a concentration of 800 nM. Short-term (1 h) treatment of cells with TPA activates PKC (22) . For serum stimulation cells were co-transfected with pMT2-MEF2A, pMT2-MEF2C or pMT2 and the reporter gene pE102CAT 2×MEF2 in growth medium (DMEM with 10% FBS) for 24 h, which was then replaced by serum-free medium with incubation for a further 24 h. Some cultures then received fresh serum-free medium (open bars) while others received DMEM with 10% FBS and cells were collected for β-galactosidase and CAT assays 24 h later. Relative CAT activity levels were normalized to β-galactosidase expression.
Gal4 one-hybrid assays
COS or HeLa cells seeded at~60% confluence were transfected with a total amount of 15 µg of DNA. Aliquots of 5 µg of the reporter plasmid, (GAL4) 5 LUC, and 5 µg of the GAL4MEF2A expression vector were used in these assays. We used two different Gal4-MEF2A fusions shown previously to contain the MEF2A transactivation domains (Gal4-MEF2A 274-373 and Gal4-MEF2A 299-373 (23) . The empty vector PSG424, which contains only the DNA binding domain of yeast GAL4, was used as the control (24) . Where appropriate, GAL4MEF2A was co-transfected with various expression vectors [pTB-PKCδ and ε and pMT3-p38 MAP kinase with constitutively active pcDNA3-MKK6b(E)]. To control for the transfection efficiency, 2 µg of pSV-β galactosidase was used. Where indicated, the polyamide imidazole p38 MAP kinase inhibitor SB203580 (Calbiochem) in DMSO was added to the cultured cell medium to a final concentration of 1 µM; DMSO was added to the controls. Twenty four hours after transfection the cells were fed with fresh medium and harvested after another 48 h. Cell extracts were then analyzed for β-galactosidase and luciferase activity as previously described (2, 9) .
Immunoprecipitation and immunoblotting
Under identical experimental conditions in which we have observed functional modulation of MEF2A activity by p38 MAP kinase and PKCs, COS cells transfected with expression vectors were lysed and MEF2A was immunoprecipitated with anti-MEF2A antibody followed by adsorption to protein ASepharose beads (Pharmacia) as previously described (9) . Immunoprecipitates were resolved by 8% SDS-PAGE and analyzed by western blotting as described previously (2, 9) . For the phosphatase treatment of immunoprecipitated complexes, C2C12 myotubes were cultured in growth (10% FBS in DMEM) or differentiation [5% horse serum (HS) in DMEM] medium and immunoprecipitation was done using anti-MEF2A antisera as described above. After washing, the beads were suspended in calf intestinal phosphatase (CIP) buffer (100 mM Tris, pH 8.0, 100 mM NaCl and 5 mM MgCl 2 ) with 1 µl/tube of CIP enzyme (10 U/µl; New England Biolabs) and incubated for 20 min at 37°C with gentle shaking. Beads were then washed and boiled in SDS-PAGE buffer for immunoblotting. The anti-MEF2A antibody has been extensively characterized previously (2,9,10).
p38 MAP kinase activity assay
Myoblasts (primary rat and C2C12) were grown on 100 mm gelatin-coated plates. The rat primary myoblasts were cultured in DMEM supplemented with 10% FBS and 5% HS; C2C12 were cultured in DMEM supplemented with 10% FBS. The rat primary myoblast cultures were prepared by overnight cold trypsinization at 50 µg/µl trypsin (Worthington Enzymes), and collagenase digestion at 37°C in 0.1% collagenase. Cells were preplated for 1 h to deplete fibroblasts and then seeded on gelatin-covered tissue culture dishes.
In order for differentiation to occur, the medium was changed to DMEM supplemented with 5% HS. The kinase assay was carried out using a p38 MAP Kinase Assay Kit (New England Biolabs). For collection, the cells were washed with phosphate-buffered saline and incubated for 5 min in lysis buffer (20 mM Tris, pH 7.5, 150 mM NaCl, 1 mM EDTA, 1 mM EGTA, 1% Triton X-100, 1.5 mM sodium pyrophosphate, 1 mM β-glycerolphosphate, 1 mM Na 3 VO 4 , 1 µg/ml leupeptin, 1 mM PMSF). The cells were transfered to a microcentrifuge tube, then sonicated four times for 5 s each time and pelleted in a microcentrifuge tube. The p38 MAP kinase antibody was added to 200 µg of total protein as suggested in the manufacturer's instructions and the total volume was made up to 200 µl with lysis buffer. This was incubated with gentle rocking overnight at 4°C. Aliquots of 10 µl of 50% protein ASepharose beads were added for 1.5 h with gentle rocking at 4°C. Samples were then microcentrifuged for 30 s at 4°C. The pellet was washed twice with 500 µl of lysis buffer. The pellet was washed twice with 500 µl of kinase buffer (25 mM Tris, pH 7.5, 5 mM β-glycerolphosphate, 2 mM DTT, 0.1 mM Na 3 VO 4 , 10 mM MgCl 2 ). The pellet was then suspended in 50 µl of kinase buffer with 200 µΜ ATP and 2 µg of ATF-2 fusion protein. This was incubated at 30°C for 30 min. The reaction was then terminated with 25 µl of 3× SDS sample buffer (187.5 mM Tris-HCl, pH 6.8, 6% w/v SDS, 30% glycerol, 150 mM DTT, 0.3% w/v bromophenol blue). The samples were then boiled for 5 min and 30 µl was loaded on a 10% SDS-PAGE gel, transferred to nitrocellulose and probed with anti-phospho-ATF-2 (Thr-71) antibody. Where appropriate, MT were treated for 30 min with 30 µg/ml of anisomycin (an activator of p38 MAP kinase).
Metabolic labeling
COS cells co-transfected with expression vectors (as indicated in the figure legends) were metabolically labeled with 1 mCi/ml [ 32 P]orthophosphate for 2 h. Labeled MEF2A was immunoprecipitated from cell lysates and resolved by SDS-PAGE as described above. Dried gels were visualized by autoradiography.
Phophopeptide mapping and phosphoamino acid analysis
Tryptic peptide mapping was performed as described (25) . Briefly, labeled proteins were excised from nitrocellulose membranes after immunoblotting, eluted and precipitated. Precipitates were dried, resuspended and digested with trypsin. Repeated lyophilization was performed to remove salt from the digests. The lyophilized peptides were resuspended in electrophoresis buffer at pH 1.9 and loaded onto TLC plates for two-dimensional peptide mapping. For phosphoamino acid analysis, tryptic peptides were lyophilized and hydrolyzed in HCl. The partial acid hydrolyzates were mixed with phosphoserine, phosphothreonine and phosphotyrosine standards (Sigma) and subjected to two-dimensional electrophoresis with the first dimension at pH 1.9 and the second at pH 3.5. The TLC plates were visualized first by phosphorimaging, then by autoradiography; the unlabeled phosphoamino acid standards were detected by spraying the plate with 0.25% ninhydrin and incubating at 65°C.
RESULTS
MEF2A exists in a phosphorylated form in myogenic cells and its activity is modulated by serum stimulation
Initially we tested the capacity of MEF2A and MEF2C to respond to serum stimulation by assessing whether overexpressed MEF2A or MEF2C could activate the previously characterized MCK enhancer MEF2 site more potently after serum stimulation ( Fig. 1A and B) . The results of these experiments show that serum stimulation caused an increase in the induction of reporter activity in the presence of overexpressed MEF2A and MEF2C (Fig. 1B) . Cells transfected with the vector plasmid pMT2 showed no activation. These data are similar to the data reported by Han and Prywes for serum stimulation of the c-jun promoter through the MEF2D protein (10) .
Since the premise of our experiments was the idea that MEF2A protein is post-translationally modified by kinase catalyzed phosphorylation, we first wanted to ascertain whether MEF2A exists in a phosphorylated form in vivo. The initial approach that we took was to immunoprecipitate MEF2A protein from cultured skeletal muscle cells. By immunoblotting we could detect at least two forms of MEF2A in the immunoprecipitate (Fig 1C) . Moreover, if the MEF2A immunoprecipitate was treated with a phosphatase prior to immunoblotting, the low mobility, high molecular weight form of MEF2A was eliminated (Fig 1C) , indicating that a significant proportion of the endogenous MEF2A in myotubes is post-translationally modified by phosphorylation. These preliminary observations suggesting that MEF2A activity and phosphorylation status might be modulated by growth-and differentiation-specific signals prompted us to further explore whether MEF2A activity can be modified by various signaling pathway components.
Effects of cPKC isoforms on MEF2A and MEF2C transcriptional activity
We reasoned that if MEF2 activity is dependent on posttranslational modification by phosphorylation and there are putative PKC sites on MEF2A, then overexpression of MEF2A with different PKC isotypes in reporter assays might identify a functional regulator of MEF2 activity. In order to assess these possibilities we overexpressed the conventional protein kinase C isotypes, PKCα and PKCβ, with MEF2A in cultures maintained in serum-containing medium without TPA and cultures acutely treated for 1 h with 800 nM TPA before harvesting for CAT assay. As can be seen from Figure 2A and B, both PKCα and PKCβ had no effect on relative CAT activity when cotransfected with either MEF2A or MEF2C, whether TPA was present or not in the culture medium. In these experiments, the empty expression vectors per se did not alter the activity of MEF2A in these cells. These experiments were repeated at least three times and the same result was observed in each experiment.
nPKC isoforms enhance MEF2A transcriptional activity
We next proceeded to ascertain whether there were effects of three closely related nPKC isoforms on MEF2A transactivation activity since their regulation and substrate specificity has been shown to be different to the cPKCs (reviewed in 15). PKCδ and PKCε are present in most mammalian tissues and cell lines, while PKCθ is predominantly found in skeletal muscle (26) . As is evident from Figure 2C and D, the reporter activity was greater when MEF2A was co-expressed with either PKCδ or PKCε, compared to these factors alone. The musclerestricted isoform PKCθ and also the aPKCζ had no effect on MEF2A (data not shown). We have previously reported that MEF2A is quite ubiquitously expressed and that HeLa and COS cells (used in these studies) contain some endogenous MEF2A (9) . Activation of endogenous MEF2 is likely the reason why some effects are observed in the reporter assays described above when PKCδ was expressed with the MEF2-responsive reporter gene.
nPKC isotypes target the transactivation domain of MEF2A
We next attempted to determine if the nPKC effects that we observed on the wild-type MEF2A protein were mediated by the MEF2A transactivation domain. The MEF2A DNA binding, dimerization and transactivation domains have been well characterized in terms of their location within the MEF2 proteins (23) . This information allowed us to use expression constructs encoding the MEF2A transactivation domain fused to the GAL4 DNA binding domain (GAL4MEF2A 299-373), the rationale being that such a molecule would allow us to study the effects of the kinases on the activation domain of MEF2A without complication from the effects of other endogenous interacting proteins or changes in DNA binding affinity. Therefore, to assess activation of the Gal4-MEF2A 299-373 protein, COS and HeLa cells were transfected with a luciferase reporter gene containing five copies of the GAL4 binding site upstream of a minimal promoter. Transfection studies with GAL4MEF2A 299-373 co-transfected with the PKC isotypes confirmed that there was no increase in the activity of MEF2A when overexpressed with PKCα, whereas PKCδ enhanced the transactivation capacity of GAL4MEF2A (Fig. 3) . Having assessed the effects of various PKC family members on MEF2A activity we next attempted to analyze whether the MAP kinase pathways could activate MEF2A.
MEF2A is activated by the p38 but not by the ERK1/2 or JNK/SAPK MAP kinase pathways
Since MEF2A contains several putative MAP kinase phosphorylation sites we wanted to assess whether any MAP kinase isoforms could functionally modify MEF2A transctivation capacity. To do these experiments we transfected MEF2A along with one MAP kinase isoform (p38, Erk1/2 or JNK/ SAPK) and constitutively activated forms of their respective MAP kinase kinase upstream regulators. Three independent experiments were carried out for each combination of expression vectors and we observed that while the ERK1/2 and JNK/ SAPK pathways had no effect on MEF2A (data not shown), C p38 MAP kinase potentiated the ability of MEF2A to activate transcription of a MEF2 site-dependent reporter gene (Fig. 4A) .
The MEF2A transactivation domain is targeted by p38 MAP kinase
To independently confirm that the effects we observed on wildtype MEF2A protein were mediated by the kinase modulating the MEF2A transactivation domain, we used the GAL4-based onehybrid system to assess this interaction (as described above).
Activation of the p38 MAP kinase was achieved by cotransfection with a constitutively active form of its upstream activator MKK6b(E). We observed a large increase in GAL4-MEF2A (GAL4-MEF2A 299-373 or GAL4-MEF2A 274-373) activity when p38 MAP kinase was transfected in the presence of MKK6b(E) (Fig. 4B) . We also observed an increase in activity when MKK6b(E) was transfected without p38 MAP kinase, suggesting that MKK6b(E) could be activating the endogenous p38 MAP kinase in the transfected cells.
In order to determine if the increased activity of GAL4-MEF2A induced by MKK6b(E) in the absence of overexpressed p38 MAP kinase was due to activation of the endogenous form of p38 MAP kinase, transfection studies were done using a specific p38 MAP kinase inhibitor, SB203580 (27) . When the cells were treated with this inhibitor, it was observed that the level of activation of GAL4-MEF2A by MKK6b(E) and also by MKK6b(E)/p38 MAP kinase was negated (Fig. 4C) . This indicates that MKK6b(E) can activate MEF2A by activating the endogenous p38 MAP kinase.
p38 MAP kinase and PKC-dependent phosphorylation of MEF2A
To further characterize the effects of p38 MAP kinase and PKC on MEF2A at the structural rather than functional level, we used in vivo metabolic labeling in conjunction with phosphopeptide mapping and phosphoamino acid composition analysis to determine whether MEF2A phoshorylation status is regulated by the PKC and p38 MAP kinases. To do this we immunoprecipitated transiently expressed MEF2A from cells labeled with [ 32 P]phosphate using anti-MEF2A antibodies. In cells expressing MEF2A alone, basal phoshorylation of the protein was low (Fig. 5A) . When cells were co-transfected with p38 MAP kinase and its upstream activator, MKK6b(E), an increase in MEF2A phoshorylation was observed (Fig. 5A) . This change in the phoshorylation status of the protein was associated with the appearance of a slower migrating form of MEF2A as shown by western analysis, a common feature of hyperphosphorylated proteins. This altered migration of MEF2A due to p38 MAP kinase phoshorylation was confirmed by treating the cells with a specific p38 MAP kinase inhibitor (SB203580) which negated this mobility change and decreased the overall phoshorylation of the protein (data not shown). These data therefore indicate that overexpression of MEF2A with p38 MAP kinase leads to a change in mobility of MEF2A protein. The mobility of the hyperphosphorylated MEF2A due to p38 MAP kinase activation is similar to the hyperphosophorylated band that disappears with CIP treatment of immunoprecipitated MEF2A from myogenic cells (Fig. 1C) . Therefore these data indicate that the in vivo modification of MEF2A in myogenic cells is mimicked by p38 MAP kinase expression.
Tryptic phosphopeptide mapping of MEF2A immunoprecipitated from 32 P-labeled cells revealed the appearance of several major phosphopeptides due to p38 MAP kinase co-expression (Fig. 5B) . PKC co-expression yielded a different phosphopeptide map to the control and p38 MAP kinase-treated MEF2A. Phosphoamino acid analysis revealed that phosphorylation due to p38 MAP kinase co-expression occurred predominantly on serine residues with lesser but detectable amounts of phosphothreonine, while PKC co-expression resulted in a lesser, but detectable, increase in serine phosphorylation (Fig. 5C ). These studies demonstrate that MEF2A is phosphorylated on serine by novel PKCs and serine and threonine residues within several tryptic peptides in response to p38 MAP kinase. These data, coupled with the functional data from reporter assays, suggest that MEF2A is a downstream component of the p38 MAP kinase signal transduction pathway.
p38 MAP kinase activity in myogenic cells
Since we have shown that MEF2A is the predominant component of the MEF2 DNA binding complex in differentiating muscle cells (9) and p38 MAP kinase can functionally modify MEF2A in reporter assays (this study), we wanted to determine if p38 MAP kinase is active in differentiating muscle cells, in which MEF2A is abundantly expressed (9) . Assessment of p38 MAP kinase activity in muscle cells might thus indicate whether the p38/MEF2 interaction is a physiologically relevant one for the activation of muscle-specific gene expression. Using an immunoprecipitation/kinase assay to assess p38 MAP kinase activity in cultured muscle cells (see Materials and Methods), we observed that p38 MAP kinase is expressed and active in differentiating primary rat myotubes and C2C12 immortalized muscle cells in culture (Fig. 6) . Also, these data indicate that the amount of p38 MAP kinase activity is increased in the transition from mononuclear primary myoblasts The transcriptional activation domain of MEF2A was fused to the DNA binding domain of GAL4 (GAL4MEF2A 299-373 or GAL4MEF2A 273-373). These GAL4MEF2A fusions were coexpressed in COS cells with either pMT3-p38 MAP kinase, pMT3-p38 MAP kinase and PCDNA3-MKK6b(E) or the vector alone in transient transfection assays. The reporter plasmid contains five copies of the GAL4 binding site linked to the adenovirus E1B promoter and the firefly luciferase gene. These experiments were performed three times. Each data point is the mean of triplicate samples. (C) In order to assess if the effect of MKK6b(E) on MEF2A was mediated through endogenous p38 MAP kinase a GAL4 assay [as described above using GAL4MEF2A 299-373, p38-pMT3-HA and PCDNA3-MKK6b(E) in COS cells] was carried out in conjunction with treatment of the cells with or without 1 µM SB203580, a specific p38 MAP kinase inhibitor.
to differentiated multinuclear myotubes (Fig. 6) . Subsequent studies will therefore be aimed at the physiological relevance of the p38 MAP kinase-MEF2A interaction for the activation of muscle gene expression and differentiation.
DISCUSSION
These studies position MEF2A as a recipient of p38 MAP kinase signaling. Activation of the p38 MAP kinase pathway results in a dramatic modification of MEF2A phosphorylation and transactivation status. Whether p38 MAP kinase fulfils a general role in the activation of other members of the MADS superfamily of DNA binding proteins or is restricted to subsets such as the MEF2 proteins remains to be determined. Since MEF2A is an important regulator of muscle gene expression and has also been implicated as a nuclear target for pathways leading to the activation of 'immediate early genes' such as c-jun (10) (11) (12) 28, 29) , knowledge of the extracellular signals converging on these proteins may shed light on key pathways involved in cellular pathways responsible for growth, differentiation and response to various stressors.
Our observations lead us to propose a model in which MEF2A is a target of p38 MAP kinase catalyzed phosphorylation. The targeting of p38 MAP kinase to MEF2A is mediated by the C-terminal activation domain since GAL4-MEF2A fusion proteins containing the C-terminus (amino acids 299-373) are responsive to the kinase, indicating that the phospoacceptor sites and the protein recognition motif are contained in this region. Targeting motifs of the ERK1/2/MAP kinases to substrate molecules have been characterized (28), but to date there is no evidence concerning the peptide motif on MEF2 targeted by p38 MAP kinase. How might phosphorylation function to regulate MEF2A activity? Analysis of the MEF2A molecule by deletion analysis has revealed that the C-terminus contains two transactivation domains (TADs) and, based on our data, phosphorylation in the C-terminus of the protein by p38 MAP kinase potentiates the ability of MEF2A to activate transcription. Therefore one possibility is that phosphorylation of the region containing the TADs alters the interaction of MEF2A with other molecules, either adaptor proteins or components of the basal transcription machinery. By regulating these interactions phosphorylation could directly modulate the efficiency . COS cells were transfected with pMT2-MEF2A in combination with pMT2 (control), pMT3-p38 MAP kinase/PCDNA3-MKK6b(E) (p38) or pTB-PKCδ (PKCδ). Cultures were labeled with [ 32 P]phosphate (at 1 mCi/ml) for 2 h. MEF2A protein was immunoprecipitated with anti-MEF2A antibody and visualized by autoradiography. The band corresponding to MEF2A was excised and digested with trypsin. The peptide fragments were separated on a thin-layer chromatography plate in the first dimension by electrophoresis in pH 1.9 buffer and in the second dimension by chromatography. The radiolabeled peptides were visualized by autoradiography. (C) Phosphoamino acid analysis of in vivo labeled MEF2A. Transfections were carried out as described in (A) above. Partial acid hydrolysis products of gel-purified MEF2A were resolved by two-dimensional electrophoresis in pH 1.9 and pH 3.5 buffers. pS, pT and pY indicate the relative migration of phosphoserine, phosphothreonine and phosphotyrosine, respectively. and/or the stability of pre-initiation complex assembly, and thus transcriptional activation, by MEF2A.
Synergistic effects of different signaling pathways targeting the MEF2A protein could add another level of complexity to MEF2A regulation. Given that we have recently reported effects of ERK5/BMK1 (14) on MEF2A activation and that the present study shows that novel PKC isotypes and p38 MAP kinase also target MEF2A (see model in Fig. 7) , it is possible that multiple pathways converge on this protein at the same time. In support of this idea is our observation that phosphopeptide mapping of MEF2A indicates that different peptides are targeted by PKC and MAP kinase. Whether multiplex signaling by different pathways leads to any synergy in the activation of MEF2A remains to be determined.
One further consideration is whether the MEF2 proteins are involved in the assembly of a ternary complex for transcriptional activation. For example, the related MADS domain protein, serum response factor (SRF), requires the phopshorylation of an accesory protein (Elk1) for full responsiveness to MAP kinase signalling (29, 30) . Even though MEF2A is phosphorylated by p38 MAP kinase activation this does not preclude the possibility of recruitment of other components to a ternary complex. It will therefore be important to identify whether p38 MAP kinase-dependent activation of MEF2A requires the assembly of a macromolecular complex in order to activate differentiation and stress-responsive MEF2 target genes.
Based on initial reports the different MAP kinase pathways have been characterized as 'mitogen-responsive', as is the case of the ERKs, and those that respond to cellular stresses, such as the p38 and JNK MAP kinases (reviewed in 18). More recent data has clouded this delineation because some stimuli activate both mitogen and stress-responsive MAP kinases. For example, the ERK5 molecule, while belonging to the ERK class based on its sequence, responds to some stress stimuli (18) . It has been claimed that MAP kinase pathways could fulfil a dual role during muscle differentiation, being mitogenic at the initial stage of myogenesis and promoting differentiation at a later stage in the differentation program (19) . Clearly, when one considers the number of distinct MAP kinase isoforms, the potential for crosstalk and varying substrate specificities of the kinases is considerable (31) . Moreover, the arrangement of a network of many regulatory molecules that likely differs in composition and stoichiometry depending on the cell type suggests a mechanism by which cells can respond in an extremely complex fashion to a variety of extracellular stimuli. Therefore, although the p38 MAP kinase pathway has been characterized previously as responding to cellular stressors, it is not unreasonable to envisage differentiationspecific signals being propagated through the p38 MAP kinase pathway to the MEF2 factors during myogenesis. A recent study has implicated p38 MAP kinase in the differentiation of L8 muscle cells (32) . In this study treatment of cells with a specific p38 MAP kinase inhibitor (SB203580) impaired the differentiation program. However, the concentration of SB203580 used in these experiments (20 µM) was considerably in excess of the IC 50 data reported for p38α MAP kinase (0.04 µM) by Kumar et al. (27) and does raise the possibility that other related kinases might be inhibited at this concentration. It will also be ultimately important to determine whether there are other key p38 MAP kinase substrates in skeletal muscle apart from MEF2. In the study by Zetser et al. (32) MEF2C was implicated as the p38 substrate in L8 cells but we have previously shown that MEF2A is the predominant MEF2 in differentiating primary and C2C12 muscle cells while MEF2C is expressed after differentiation has taken place (9,21). Therefore we would contend that MEF2A is the more likely p38 MAP kinase substrate during the muscle differentiation program, although this remains to be addressed.
Phosphorylation and phosphoamino acid analysis of p38 MAP kinase catalyzed phosphorylation of MEF2C demonstrated that MEF2C is phosphorylated on threonine in response to p38 MAP kinase and that Thr293 and Thr300 are required for this responsiveness (11) . Even though the analogous residues in the sequence of MEF2A are conserved it appears from our analysis that phosphorylation of MEF2A by p38 MAP kinase occurs predominantly on serine as opposed to threonine residues, implicating different or additional phosphoacceptor sites for the p38 MAP kinase catalyzed phosphorylation of MEF2A. In agreement with our data, Zhao et al. (33) recently published a report showing that MEF2A is a substrate for p38 MAP kinase. Using in vitro kinase assays of purified bacterially expressed MEF2 and p38 MAP kinase proteins they showed that Thr312, Thr319, Ser355, Ser453 and Ser479 on MEF2A are phosphorylated by p38 MAP kinase. However, mutation of these residues in functional assays using Gal4-MEF2A fusions led them to the conclusion that Thr312 and Thr319 are the key p38 MAP kinase targeted phosphorylation sites in vivo. In our in vivo phosphoamino acid analysis studies (Fig. 5) we also observed a significant phosphorylation of MEF2A on serine in response to p38 MAP kinase, begging the question as to whether the phosphorylated serine residues are important functional modulators of MEF2A activity in some cell types. However, in our GAL4-MEF2 299-373 chimera Thr319, Thr312 and Ser355 are present and this region is responsive to p38 MAP kinase. Zhao et al. (33) also showed that p38 Map kinase is the most potent kinase for MEF2A compared to the other MEF2s and this is consistent with our observations that p38 catalyzed phosphorylation has a more potent effect on MEF2A activity than on MEF2C (data not shown). Further studies will be required to determine which residues on MEF2A are phosphorylated in vivo in cell types in which MEF2 activity is critical for gene expression, such as skeletal or cardiac myocytes.
The MAP kinase pathways have been implicated in the differentiation of muscle cells, but, so far, there has been little evidence concerning the nuclear targets for these effects. The results presented here show that the MEF2A protein, which is the predominant MEF2 gene expressed in differentiating muscle cells, is subject to post-translational modification by p38 MAP kinase. Phoshorylation of MEF2A on serine and threonine residues leads to a functional modulation in the capacity of MEF2A to activate transcription. Thus, with increasing insight into the regulation of MEF2 regulatory proteins by the MAP kinase and PKC signaling pathways, we are now poised to address the physiological role of these signals for muscle-specific gene expression and muscle differentiation.
